Abstract. G protein-coupled receptors, in particular, Ca 2+
Introduction
Opioids are commonly used analgesics in clinical practice, but the role of opioid receptor (OR) in anesthetic action has still been unclear. It has been reported that the OR antagonist naloxone does not affect the anesthetic potency of volatile anesthetics halothane in animals (1, 2) . On the other hand, Sarton et al. reported that S(+) ketamine interacts with the μ-opioid system at supraspinal sites (3) . In order to clarify the role of ORs in anesthetic action, it would be necessary to study the direct effects on OR function.
Several lines of studies have been reported that metabotropic G protein-coupled receptors (GPCRs) are now recognized as targets for anesthetics and analgesics (4) . We and others have previously reported that functions of G q protein-coupled receptors, including muscarinic type1 receptors (M 1 R) (5), metabotropic type 5 glutamate receptors (mGluR5) (6), 5-hydroxytryptamine (5HT) type 2A receptors (7) , and substance P receptors (8) , are inhibited by anesthetics and analgesics. The ORs belong to the GPCR family and three types of ORs, μ, δ, and κ, have been identified by molecular cloning (9) . Within three subtypes of these receptors, μORs are the major receptor to mediate the analgesic effects of opioids (9) . On the basis of second messenger signaling, μOR couple to Gα i/o protein to cause inhibition of adenylate cyclase, inhibition of voltage-dependent Ca 2+ channels, or activation of G protein-coupled inwardly rectifying K + channels (GIRKs) (9) . Functions of G q -coupled receptors have been reported to be modified by some anesthetics and analgesics (4, 10) ; as far as the functions of G i/ocoupled receptors including μOR are concerned, much less is known about the direct effects of anesthetics and analgesics.
The Xenopus oocyte expression system has widely -mobilizing G q -coupled receptors have been reported to be targets for anesthetics. Opioids are commonly used analgesics in clinical practice, but the effects of anesthetics on the opioid μ-receptors (μOR) have not been systematically examined. We report here an electrophysiological assay to analyze the effects of anesthetics and ethanol on the functions of μOR in Xenopus oocytes expressing a μOR fused to chimeric Gα protein G qi5 (μOR-G qi5 ). Using this system, the effects of halothane, ketamine, propofol, and ethanol on the μOR functions were analyzed. In oocytes expressing μOR-G qi5, the μOR agonist DAMGO ([D-Ala 2 ,N-MePhe 4 ,Gly-ol]-enkephalin) elicited Ca
2+
-activated Cl − currents in a concentration-dependent manner (EC 50 = 0.24 μM). Ketamine, propofol, halothane, and ethanol themselves did not elicit any currents in oocytes expressing μOR-G qi5 , whereas ketamine and ethanol inhibited the DAMGO-induced Cl − currents at clinically equivalent concentrations. Propofol and halothane inhibited the DAMGO-induced currents only at higher concentrations. These findings suggest that ketamine and ethanol may inhibit μOR functions in clinical practice. We propose that the electrophysiological assay in Xenopus oocytes expressing μOR-G qi5 would be useful for analyzing the effects of anesthetics and analgesics on opioid receptor function. -activated Cl − channels endogenously expressed in the oocytes (4, 11) . However, in the case of G i/o -coupled receptors, analysis has been difficult due to lack of appropriate analytical output in oocytes. We have established the assay method for G i/o -coupled receptors by using G qi5 chimeric G protein to switch the G i/o signal to a G q signal (12) . By using this assay system, we reported that halothane inhibited the function of G i/o -coupled muscarinic M 2 receptor (M 2 R) in oocytes coexpressing M 2 R and G qi5 (13) . Recently, in order to improve the G i/o -coupled-receptor assay system, we made a μOR fused to G qi5 (μOR-G qi5 ) and expressed it in Xenopus oocytes (13) .
Keywords
By using this assay system, we examined the effects of halothane, ketamine, propofol, and ethanol on the function of μOR.
Materials and Methods

Materials
Adult Xenopus laevis female frogs were purchased from Kato Kagaku (Tokyo); halothane, from Dinabot Laboratories (Osaka), and the Ultracomp E. coli Transformation Kit, from Invitrogen (San Diego, CA, USA). Purification of cDNAs was performed with a Qiagen purification kit (Qiagen, Chatworth, CA, USA). Gentamicin, sodium pyruvate, [D-Ala 2 ,N-MePhe 4 ,Gly-ol]-enkephalin (DAMGO), and propofol were purchased from Tokyo Kagaku (Tokyo), and ketamine was purchased from Sigma (St. Louis, MO, USA). Other chemicals are analytical grade and were from Nacalai Tesque (Kyoto). The rat μOR was provided by Dr. N. Dascal (Tel Aviv University, Ramat Aviv, Israel). The chimeric Gα qi5 was a kind gift from Dr. B.R. Conklin (The University of California, San Francisco, CA, USA). Each of the cRNAs was prepared by using an mCAP mRNA Capping Kit and transcribed with a T7 RNA Polymerase in vitro Transcription Kit (Stratagene, La Jolla, CA, USA).
Preperartion of chimeric μOR-Gqi5
The tandem cDNAs of chimeric μOR-G qi5 was created by ligating the receptor cDNA sequences into the NheI site of G qi5 cDNAs. The sequences of all PCR products were confirmed by sequencing with ABI3100 (Applied BioSystems, Tokyo). All cDNAs for the synthesis of cRNAs were subcloned into the pGEMHJ vector, which provides the 5′-and 3′-untranslated region of the Xenopus β-globin RNA (14) , ensuring a high level of protein expression in the oocytes. Each of the cRNAs was synthesized using the mCAP mRNA Capping Kit, with the T7 RNA polymerase in vitro Transcription Kit (Ambion, Austin, TX, USA) from the respective linearized cDNAs.
Recording and data analyses
Isolation and microinjection of Xenopus oocytes were performed as previously described (12, 13) . Xenopus oocytes were injected with appropriate amounts of cRNAs (50 ng, μOR-G qi5 ) and incubated with ND 96 medium composed of 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES (pH 7.4, adjusted with NaOH), supplemented with 2.5 mM sodium pyruvate and 50 μg/ml gentamicin for 3 -7 days until recording. Oocytes were placed in a 100-ml recording chamber and perfused with MBS (modified Barth's saline) composed of 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 10 mM HEPES, 0.82 mM MgSO 4 , 0.33 mM Ca(NO 3 ) 2 , and 0.91 mM CaCl 2 , (pH 7.4 adjusted with NaOH) at a rate of 1.8 ml/min at room temperature. Recording and clamping electrodes (1 -2 MΩ) were pulled from 1.2-mm outside diameter capillary tubing and filled with 3 M KCl. A recording electrode was imbedded in the animal's pole of oocytes, and once the resting membrane potential stabilized, a clamping electrode was inserted and the resting membrane potential was allowed to restabilize. A Warner OC 725-B oocyte clamp (Hampden, CT, USA) was used to voltage-clamp each oocyte at −70 mV. We analyzed the peak component of the transient inward currents induced by receptor agonists because this component is dependent on the concentrations of the receptor agonist applied and is quite reproducible, as described by Minami et al. (15) . Anesthetics (halothane, ketamine, propofol) and ethanol were applied for 2 min before and during the application of test compounds to allow complete equilibration in the bath. The solutions of halothane were freshly prepared immediately before use. We calculated the final concentration of halothane in the recording chamber as reported previously (16), and accordingly, the concentrations of halothane represent the bath concentrations.
Statistical analyses
Results are expressed as percentages of control responses. The control responses were measured before and after each drug application, to take into account possible shifts in the control currents as recording proceeded. The "n" values refer to the number of oocytes studied. Each experiment was carried out with oocytes from at least two different frogs. Statistical analyses were performed using a one-way ANOVA (analysis of variance) and the Dunnet correction. Curve fitting and estimation of EC 50 values for the concentration-response curves were performed using Graphpad Inplot Software (San Diego, CA, USA).
Results
DAMGO-induced Ca
2+ -activated Cl
− currents in Xenopus oocytes expressing μOR-G qi5 We first determined the effects of the μOR agonist DAMGO on the Ca 2+ -activated Cl − currents in Xenopus oocytes expressing μOR-G qi5 . As shown in Fig. 1A , DAMGO at 0.1 μM elicited a robust Ca 2+ -activated Cl − current. There were no Cl − -currents in oocytes expressing μOR not fused to G qi5 even at 10 μM DAMGO (data not shown), as reported previously (13) . The EC 50 of the DAMGO-induced Cl − currents was 0.24 ± 0.01 μM (Fig.  1B) .
Analysis of ketamine and propofol on DAMGO-induced Ca
2+ -activated Cl − currents in Xenopus oocytes expressing μOR-G qi5
By using this assay, we examined the effects of the intravenous anesthetic ketamine on the μOR function in Xenopus oocytes expressing μOR-G qi5 . Ketamine by itself did not elicit any currents in oocytes expressing μOR-G qi5 but significantly inhibited DAMGO-induced Ca 2+ -activated Cl − currents in a concentration-dependent manner ( Fig. 2A) . Ketamine at 0.1, 1, and 10 μM inhibited the 
DAMGO-induced Cl
− currents to 74 ± 10.3%, 59.1 ± 11.3%, and 56.2 ± 9.3% of the control value, respectively (n = 6 for each) (Fig. 2B) .
We next determined the effects of another intravenous anesthetic propofol on the function of μOR in oocytes expressing μOR-G qi5 (Fig. 3) . Propofol by itself elicited no currents, but inhibited DAMGO-induced Cl − currents in oocytes expressing μOR-G qi5 in a concentration-dependent manner (Fig. 3A) . Propofol at concentrations of 0.1, 1, 10, and 100 μM inhibited the DAMGO-induced Cl − currents to 93.3 ± 3.7%, 73.5 ± 7.9%, 72.8 ± 5.7%, and 53.7 ± 7.5% of the control value, respectively (n = 6 for each) (Fig. 3B) .
Analysis of halothane and ethanol on the DAMGO-induced Ca
2+ -activated Cl − currents in Xenopus oocytes expressing μOR-G qi5
We then examined the effects of the volatile anesthetic halothane on the function of μOR in oocytes expressing μOR-G qi5 (Fig. 4) . Halothane by itself did not elicit any currents in oocytes expressing μOR-G qi5 at concentrations up to 2 mM, (Fig. 4A ). Higher concentrations of halothane more than 1 minimum alveolar concentration (MAC, 0.25 mM) had inhibitory effects on the DAMGOinduced Cl − currents in a concentration-dependent manner; 1MAC concentration of halothane did not suppress DAMGO-induced Cl − currents. Halothane at concentrations of 0.25, 0.5, 1, and 2 mM inhibited the current to 75.1 ± 12.4%, 57.8 ± 10.3%, 54.7 ± 10.3%, and 48.6 ± 9.4% of the control value, respectively (n = 6 for each) (Fig. 4B) .
We finally examined the effects of ethanol on the function of μOR in oocytes expressing μOR-G qi5 (Fig. 5 ). Ethanol by itself had no effects in oocytes expressing μOR-G qi5 , but it significantly inhibited DAMGO-induced Cl − currents in a concentration-dependent manner (Fig.  5B) . Ethanol at concentrations of 25, 50, 100, and 200 mM inhibited the currents to 53.1 ± 10.1%, 47 ± 13.3%, 43.3 ± 9.6%, and 35 ± 5.3% of the control value, respectively (n = 6 for each) (Fig. 5B ).
Discussion
We previously proposed an electrophysiological assay of the G i/o -coupled receptors in Xenopus oocytes expressing the receptors and chimeric G protein G qi5 (12, 13) . By using this system, we examined the effects of several anesthetics and ethanol on the μOR function in oocytes expressing fused μOR-G qi5 .
In general, G i/o -coupled receptors such as μOR are known to inhibit adenylate cyclase to decrease cAMP levels in the cells (9) . Numerous reports have shown that ketamine, halothane, and ethanol increase basal cAMP levels in a variety of the cells, possibly by direct activation of adenylate cyclases (17 -20) ; thus it might be difficult to estimate the effects of anesthetics and ethanol (24 -26) . In such a situation, it should be taken into consideration that functions of either G i/o -coupled receptors, GIRKs, or both could be affected by anesthetics or alcohol if GIRKs are used as reporters (24 -26) . In this study, we thus employed μOR-G qi5 in a Xenopus oocyte expression assay system. Accordingly, this system makes it possible In the present study, we demonstrated that ketamine and ethanol inhibited the DAMGO-induced Cl − currents at clinically equivalent concentrations, while propofol and halothane inhibited the DAMGO-induced currents only at higher concentrations. In our experimental system, the inhibitory effects of the anesthetics and ethanol are considered due to specific inhibition of μOR or the inhibition of the downstream steps in the μOR-induced G qi5 -PLC-IP 3 -IP 3 R-Ca 2+ mobilization pathways. There are numerous reports showing that ketamine, propofol, halothane, and ethanol did not inhibit such downstream pathways after activation of GPCRs in the Xenopus oocyte expression system. In the case of ketamine and halothane, they inhibit muscarinic M 1 R-mediated Ca 2+ -activated Cl − currents in clinically relevant concentrations (5, 27) without affecting angiotensin II receptor (AT 1 R)-induced Cl − currents, although activation of M 1 R and AT 1 R consequently activate the same G q -PLC-IP 3 -IP 3 R-Ca 2+ mobilization pathways (5, 27) . These results suggest that ketamine and halothane affect functions of Ca 2+ -mobilizing GPCRs possibly by receptor sites rather than the downstream pathway after GPCR activation. As for propofol, our previous study demonstrated that this anesthetic inhibited the functions of M 1 R but not substance P receptors, although both receptors were considered to couple to the same Gq-mediated pathways (8, 28) . In addition, we demonstrated that propofol (50 μM) did not inhibit the direct G protein activator AlF 4
−
-induced Ca
2+
-activated Cl − currents in Xenopus oocytes (28) . In the case of ethanol, we previously reported that ethanol also selectively inhibited the glutamate mGluR5 but not mGluR1, although both receptors couple to Gq to activate Ca 2+ -activated Cl − currents in oocytes (6) . Taken together, these findings indicate that anesthetics and ethanol employed in the present study may not inhibit the step of G protein-PLC-IP 3 -IP 3 R-Ca 2+ mobilization in the μOR signaling pathway.
The EC 50 value of DAMGO of the μOR-induced Ca 2+ -activated Cl − -currents through G qi5 was 0.24 μM in the present study. In our previous experimental study in Xenopus oocytes expressing μOR-G qi5 (13) , the EC 50 of DAMGO was approximately 0.1 μM. In Xenopus oocytes expressing cloned μOR and GIRKs, the EC 50 values of DAMGO were 0.1 (13), 0.034 -0.133 (29) , and 0.02 -0.09 μM (30) determined with the GIRK channel assay. These results suggest that our present EC 50 value seems not too far from the previously reported EC 50 values obtained in Xenopus oocytes expressing μOR.
We showed that ketamine had an inhibitory effect on DAMGO-induced Cl − currents in oocytes expressing μOR-G qi5 at concentrations more than 1 μM. In clinical situations, the free plasma concentration of ketamine was approximately 10.5 -60 μM (31, 32) . Previous reports showed that higher concentration of ketamine than those in clinical usage (50 -100 μM) displaced [ 3 H]diprenorphine binding to μORs expressed in Chinese hamster ovary cells (33) . In an animal study, S(+)ketamine interacts with the μOR, which contributed to S(+)ketamineinduced respiratory depression and supraspinal antinociception (3). Consistent with these reports, our present results suggest that anesthetic concentrations of ketamine would have direct inhibitory effects on μOR.
The effects of propofol on the μOR functions have not been reported so far. In the present study, only high concentration (100 μM) of propofol (but less than 100 μM) had inhibitory effects on the DAMGO-induced Cl − currents in oocytes expressing μOR-G qi5 . In humans, the peak plasma concentration of propofol after intravenous injection of the anesthetic dosage of 2.5 mg/kg was approximately 23 ± 0.24 μM (34) . From our present results, it seems that propofol would have little effect on the μOR functions in its clinically used concentrations.
The direct effects of halothane on the μOR have not been studied. In the present study, clinical concentrations of halothane (0.25 mM) had no effect on basal-and DAMGO-induced Cl − currents in Xenopus oocytes expressing μOR-G qi5 , whereas higher concentrations of halothane (0.5 -2.0 mM) inhibited the DAMGO-induced Cl − currents. To our knowledge, this is the first report that shows the direct effects of halothane on the function of μOR in the heterologous expression system. Lambert (35) . From our present and previous reports, higher concentrations of halothane would inhibit the DAMGO-induced currents by reducing the affinity of DAMGO to μOR. Yamakura et al., on the other hand, reported that inhibition by halothane is likely caused by inhibition of GIRK channels, not by μOR (25) . Furthermore, it was recently reported that the MACs for halothane are not different between wild-type and μOR-knock-out mice (36) . Although further study would be necessary, our present result suggests that halothane would have little effect on μOR in the clinical situation.
Interaction between alcohol and the CNS opioid signaling system is well established in both basic and clinical research (37, 38) . However, mechanisms involving direct ethanol interaction on the μOR have not been fully elucidated. We showed that ethanol at a concentration more than 25 mM inhibited DAMGO-induced Cl − currents in oocytes expressing μOR-G qi5 . Several hypotheses of such inhibitory effects have been asserted; Vukojević et al. reported that relevant concentrations of ethanol 430 K Minami et al (10 -40 mM) altered μOR mobility and surface density and affect the dynamics of plasma membrane lipids of pheochromocytoma PC12 cells, suggesting that ethanol modified μOR activity by sorting of μOR at the plasma membrane (39) . Although further studies will be required, ethanol might inhibit the DAMGO-induced currents by reducing the affinity of DAMGO to the μOR.
In conclusion, we demonstrated that ketamine and ethanol have significant inhibitory effects on the function of μOR at clinically relevant concentrations. On the other hand, halothane and propofol seem not to suppress the μOR functions at least at clinically used concentrations. Further studies will be necessary to clarify the effects of these agents on opioid systems with other assay systems. The electrophysiological method for analysis of the function of μOR fused to the chimeric Gα protein shown in this study could be useful for investigating the effects of analgesics, anesthetics, and alcohol on other G i/o -coupled receptors.
